[2]. The reaction process is well known under ultra-high vacuum (UHV) conditions where gas flows and gas distribution around a sample are often neglected. However, the number of molecules interacting with the catalyst surface increases significantly at elevated pressures, and as a result, a change in the gas composition close to the surface may lead to a change of the surface structure [3, 4] . Therefore, it is essential to obtain in-situ knowledge of the gas composition close to an operating catalyst to achieve a better understanding of the gas-surface interaction.
very limited works related to catalysis studies, two of which are the studies of OH during the gas phase combustion of fuel-lean methane/air pre-mixtures over Pt [17] , and formaldehyde over supported Rh catalysts for partial oxidation of methane in exhaust gas diluted reaction mixtures [18] . Over the past few years, applications of the technique have been largely extended to study the distribution of CO 2 and/or CO over model catalysts during CO oxidation [19] [20] [21] [22] [23] [24] [25] , hydrogen-assisted NH 3 oxidation above a Ag/Al 2 O 3 powder catalyst [23] , as well as catalytic reduction of NO by hydrogen to ammonia over a Pt/Al 2 O 3 catalyst [26] . All of these studies have demonstrated PLIF as a powerful complimentary tool to conventional tools, such as MS, for studies of gas phase in catalysis.
In previous works by Blomberg et al. [20] , the detection of CO and CO 2 from CO oxidation was carried out separately using two large laser systems. The CO PLIF was performed using a picosecond laser system consisting of a mode-locked Nd:YAG laser with an external amplifier and an optical parametric generator, yielding a broadband UV beam. And the CO 2 PLIF was performed using a nanosecond laser system consisting of a Nd:YAG laser, a dye laser, and a mixing unit, generating a tunable narrowband infrared laser beam.
Here we report a convenient setup using a nanosecond YAG-Dye laser system together with a broadband mid-infrared optical parametric oscillator (OPO) for imaging both CO and CO 2 . CO is detected via the visible-wavelength fluorescence (450-660 nm) of the Β 1 Σ + →Α 1 Π transition in the Angstrom bands by nanosecond two-photon excitation of the Χ 1 Σ + →Β 1 Σ + transition at 230.1 nm [27, 28] , while CO 2 is detected via the mid-infrared fluorescence from the fundamental band ~4.3 µm by broadband excitation at ~2.7 µm. Excitation at 2.7 µm is chosen as an optimized scheme for the current setup, because it provides relatively strong absorption cross section, while the laser absorption by the air along the beam path is not so severe. Other excitation schemes for CO 2 PLIF detection can be found in [29] [30] [31] [32] [33] . As a proof of concept, quantitative measurements of both CO and CO 2 over a Pd catalyst during catalytic CO oxidation have been carried out to demonstrate the high spatial and temporal resolution of the two techniques for studies of gas phase in catalysis. Comparisons between the picosecond and nanosecond excitation approaches for CO detection, and between the narrowband and broadband excitation approaches for CO 2 detection, will be presented. The quenching effect on the signal calibration for both CO and CO 2 will also be discussed.
Experiment

Laser-induced fluorescence
The optical setup to perform measurements of CO and CO 2 is shown in Fig. 1 . An injection seeded Nd:YAG laser (Continuum, Powerlite DLS 8010) operating at second harmonic (532 nm, 800 mJ/pulse, 10 Hz) was used to pump the Dye laser (Continuum, Vista) running on R610 dye (Exiton), with ethanol as solvent, which produced laser radiation of around 150 mJ at 587.2 nm with a linewidth specified to 0.05 cm −1 . This fundamental dye output was then frequency doubled by a BBO crystal (Continuum, Vista FX) to obtain a UV beam of around 30 mJ/pulse at 293.6 nm. This UV beam was mixed in a second BBO crystal (Continuum, Vista FX) with the residual 1064 nm beam from the Nd:YAG laser, generating laser pulses at 230.1 nm of energy ~9 mJ and pulse width ~5 ns. The 230.1-nm beam was steered by three UV-fused silica prisms, shaped into a thin laser sheet of Fig. 1 Schematic of the optical setup. SHG, second harmonic generator; HS, harmonics separators; L1 UVFS lens, f = −40 mm; L2 UVFS lens, f = 150 mm; L3 CaF 2 lens, f = −40 mm; L4 CaF 2 lens, f = 100 mm; L5 CaF 2 lens, f = 500 mm; DM dichroic mirror, PM power meter, IF interference filter, LF long-pass filter; dashed boxes indicate the N 2 purged region 6 mm height by a cylindrical and a spherical lens, f = −40 mm and f = 150 mm, respectively, and sent through the silica chamber just above the catalyst sample. The laser sheet had energy of ~2.5 mJ in front of the chamber, mainly due to energy losses from the optics and edge cutting by the aperture. The reflected 230.1-nm beam from one of the prisms was measured by a power meter (Gentec-EO, Maestro) to keep track of shot-to-shot variation in the laser pulse energy during measurement.
The CO fluorescence was imaged by an ICCD camera (Princeton Instruments, PIMAX 3) using an objective (Nikkor f = 50 mm, f/1.2) with a 31-mm extension ring mounted on the camera. The intensifier gate was set to 250 ns, which is much longer than the collision-free lifetime (68 ns) of the Β 1 Σ + fluorescence [34] . Images were acquired at a 10-Hz repetition rate. The CCD chip was hardware-binned 2 × 2 to increase the image acquisition rate as well as the signal-tonoise ratio (SNR). A long-pass filter (GG455, Schott) was applied to suppress the scattering and fluorescence from the fused silica chamber below 455 nm.
To switch the laser output from UV to mid-IR for CO 2 detection, the second harmonic generator (SHG) crystal and the harmonics separators (HS) were removed from the YAG laser. The fundamental 1064-nm laser beam with ~350 mJ/pulse from the YAG laser was used to pump an IR-OPO (GWU, versaScan-L 1064), generating a signal beam ~1.7 µm and an idler beam at 2.7 µm, with ~8 mJ/ pulse and ~7 mJ/pulse, respectively. Both the signal and idler beams have pulse width of ~5 ns. The idler beam was separated from the signal beam by a dichroic mirror (HR at 2.7 µm), and formed into a thin laser sheet of ~ 6 mm height by a cylindrical and two spherical lenses, f = −40 mm, f = 100 mm, and f = 500 mm, respectively, and sent through the sapphire chamber just above the catalyst. The idler beam had energy of ~3 mJ in front of the chamber. A CaF 2 window in the beam path was used to reflect ~10% of the laser energy to keep track of shot-to-shot variation with a power meter.
The CO 2 fluorescence was imaged by a liquid-nitrogencooled, 256 × 256 InSb IR camera (Santa Barbara Focal Plane, SBF LP134) using a CaF 2 lens (f = 50 mm, f/2.3). A cold interference filter inside the camera, centered at 4.26 µm and with FWHM of 200 nm, was used to suppress the strong thermal background. As the radiative lifetime of the IR-transition is rather long ~100 µs [29] , the exposure time was set to 30 µs to discriminate background and favor fluorescence signal, and a time delay of 10 µs relative to the Q-switch of the YAG laser was used to avoid scattering from the laser and time jitter. As the thermal background was continuously varying during the experiments, the camera was triggered at 20 Hz, via a pulse generator (BNC, Model 575), with every second exposure measuring the background, which was to be subtracted afterwards. A more detailed description of this detection scheme can be referred to [19] . To reduce laser energy attenuation along the beam path and fluorescence signal loss between the cell and the IR camera, purging of N 2 was applied during measurements.
Sample and catalysis reactor
The sample investigated was a Pd single crystal with diameter of 8 mm, thickness of 2 mm and a (100) surface orientation. A fused silica cylindrical chamber with diameter of 30 mm and height of 25 mm was used for the CO measurements, while a sapphire one of the same dimensions for the CO 2 measurements. Gases were supplied to the reactor by individual mass flow controllers (Bronkhorst EL-FLOW), and the gas pressure in the reactor was controlled by a digital pressure controller (Bronkhorst EL-PRESS). The gas composition in the reactor was measured by a quadruple mass spectrometer (Pfeiffer, QME 220) connected to the outlet of the reactor with an automated leak valve. The sample was heated by a boralectric heater, the temperature of which was measured by a type D thermocouple. When the sample was heated at a slow speed of ~15 °C/min, the temperature of the sample was assumed to be the same as the sample heater.
Results and discussions
To examine the CO and CO 2 absorption behaviors to the corresponding excitation laser sources, excitation scans for both CO and CO 2 have been performed, as shown in Fig. 2 . For the CO excitation scan, 4% CO was mixed in Ar at room temperature and a pressure of 150 mbar, while for the CO 2 excitation scan, 4% CO 2 was mixed in Ar at the same temperature and pressure. Before each measurement, the chamber was pumped down to a very low pressure (~1 mbar) and then purged with the measured gases. The purging lasted for long enough time (~5 min) to ensure that there is no or negligible amount of residual gases in the chamber. In Fig. 2 , a smoothing of five consecutive data points has been applied to both scans to reduce noise due to shot-to-shot laser energy fluctuation.
As can be seen in Fig. 2a , a high-resolution CO spectrum showing the Q-branch of the Β 1 Σ + (υ′ = 0) → Α 1 Π(υʺ = 0) transition is obtained thanks to the narrowband UV beam. By convoluting a variety of laser profiles (with assumed Gaussian shape) and a simulated CO absorption spectrum (at 296 K and 150 mbar), and comparing the convoluted spectra with the measured CO excitation scan, the full-width of half maximum (FWHM) of the UV laser is estimated to ~0.5 cm −1 (0.0026 nm). In contrast to CO, the CO 2 spectrum in Fig. 2 b exhibits a very broad feature due to the broadband laser from the IR-OPO. In a similar manner as above, the full-width of half maximum (FWHM) of the IR laser is estimated to ~10 cm −1 (7.3 nm). Thus, the linewidth of this laser covers a number of ro-vibrational lines in the (00 0 0) → (10 0 01) transition of CO 2 . It is worth noting that the linewidth of the laser from this IR-OPO has strong wavelength dependence. At wavelength ~3 µm, the linewidth was previously measured to ~5 cm −1 using an IR grating and an IR camera [35] .
For quantitative PLIF measurements of CO and CO 2 , the concentration dependence on the fluorescence signal for both CO and CO 2 was investigated by varying the partial pressure of CO and CO 2 in Ar separately at nonreacting conditions. For non-reacting conditions, the sample was heated at the same total chamber pressure and gas flow rates as for reacting conditions. In this way, the temperature gradient of the gases close to the sample surface will be the same for non-reacting and reacting conditions. Figure 3 shows the concentration dependence of the fluorescence signal for both CO and CO 2 , at 300 °C (sample temperature), 150 mbar total chamber pressure, and 100 mL n /min total flow rate. Each point is an average of 200 laser shots (corresponds to an acquisition time of 20 s), and the standard deviation of the 200 measurements is presented by the error bars. For both CO and CO 2 , the laser energies used were non-saturating. The CO signal shows linear concentration dependence. With a linear fitting, the single-shot detection limit of CO is estimated to 0.5 mbar (SNR = 1). In contrast to CO, the CO 2 curve is slightly bent towards higher concentrations due to self-absorption effect inside the chamber. The CO 2 signal is fitted with a function taking into account the self-absorption, and the single-shot detection limit of CO 2 is estimated to 0.1 mbar (SNR = 1).
It is worth noting that the CO 2 measured at reacting conditions is mainly localized in a hemispherical cloud above the sample, and the size of this cloud is much smaller than that of the chamber. Using the Beer-Lambert Law in Eq. (1), where I is the intensity after the path, I 0 is the initial intensity before the path, σ ν is the IR cross section, q is the mole fraction, P is the pressure, T is the temperature, k is Boltzmann's constant, l is the path length, and N is the number of absorbers; the mass path Nl is estimated to be a factor of 4 smaller for reacting conditions than non-reacting conditions, given that the diameters of the sample and the chamber are 8 and 30 mm, respectively. Furthermore, the maximum partial pressure of CO 2 at reacting conditions is kept below 6 mbar. Therefore, the self-absorption effect is considered negligible for the CO 2 measurements at reacting conditions.
(1) To show the capabilities of the current setup, two separate PLIF measurements were performed during CO oxidation over a Pd(100) single-crystal catalyst, one for CO and the other for CO 2 . Figure 4 summarizes the measurement results. The two measurements were performed using similar heating current ramp speed; the current was ramped from 0.65 to 1.15 A for CO, and from 0.6 to 1.2 A for CO 2 , both in 600 s. For comparison, the temperature range from 200 to 346 °C is shown. Both measurements were performed at flows of 4 mL n /min CO, 4 mL n /min O 2 , and 92 mL n /min Ar at 150 mbar total pressure (corresponding to initial partial pressures of 6 mbar of CO, 6 mbar of O 2 , and 138 mbar of Ar). In both cases, the vertical laser sheet was positioned above the sample (indicated by the white rectangle), and a small region (indicated by the dashed box) in the bottom of the laser sheet was averaged to evaluate the LIF signals close to the sample surface. The spatial resolution for CO is 40 µm/pixel, and for CO 2 80 µm/pixel. The temporal resolution for both CO and CO 2 PLIF measurements is 0.1 s, but the PLIF images presented are 10-shot averaged, giving a temporal resolution of 1 s.
At low temperature 253 °C, a homogeneous CO distribution can be seen in Fig. 4a . This corresponds to the CO 2 PLIF image in Fig. 4g showing very little CO 2 produced. Both the CO and CO 2 PLIF images indicate that the sample is inactive. As the temperature increases, the partial pressure of CO drops and the partial pressure of CO 2 increases steadily, as shown in the MS in Fig. 4e and the LIF trends in Fig. 4d , f. When the sample ignites (the highly active phase of the catalytic reaction initiates), the gradient of the CO and CO 2 concentrations above the sample changes significantly, as can be seen in Fig. 4b , h, respectively. When the sample is highly active, a clear depletion of CO and a formation of CO 2 above the sample can be seen in Fig. 4c , i, respectively. From both the MS and LIF trends, the CO and CO 2 concentrations stabilize immediately (less than 1 s) after the ignition of the sample. This indicates that the reaction has reached the mass transfer limited (MTL) regime, i.e., the reaction is mass transfer limited by the ability of CO molecules diffusing and reaching onto the surface. In the MTL regime, the gas distribution over the sample is not homogeneous, and a decrease of ~70% for the CO concentration close to the sample is measured by PLIF, compared to only ~20% observed by the MS located at the gas outlet of the chamber. This significant difference can be explained by the fact that the MS is sampling gases far away from the sample surface, in this case about 30 mm. It is worth pointing out that the shift of the CO and CO 2 cloud to the right of the sample is due to the gas flow.
Since this work presents a detection approach each for CO and CO 2 in catalysis studies, it is interesting to compare them with other approaches used in previous works. For CO detection, the nanosecond excitation approach in this work is compared to the picosecond excitation approach used in [20] . The benefit of using a picosecond pulse is that it can provide high peak power beneficial for the twophoton excitation process, and lower C 2 interference from flames, compared to using a nanosecond pulse [36] . Since C 2 interference is not of concern in this work, it is mostly interesting to compare the CO detection limit and laser shot-to-shot stability. For CO 2 detection, the broadband excitation approach in this work is compared to the narrowband excitation approach used in [23] . The comparison between them will be focused on their CO 2 detection limits. Tables 1 and 2 summarize the key parameters for the comparisons between the nanosecond and the picosecond excitation approaches for CO detection, and between the broadband and the narrowband excitation approaches for CO 2 detection. In each case, the two approaches employed almost the same detection optics (e.g., camera, objective, extension ring, and filter), which makes the comparisons more feasible. For CO detection, a SNR of 3 with a standard deviation of 34% (for 10 laser shots) was measured for a CO partial pressure of 5 mbar at a total pressure of 100 mbar (in Ar) and 150 °C, using the picosecond excitation approach [20] . Based on the CO concentration dependence study in [20] , the single-shot CO detection limit can be estimated to be around 2 mbar. In this work, the nanosecond excitation approach gives a lower single-shot detection limit of 0.5 mbar at similar conditions (150 mbar and 300 °C). Compared to the picosecond approach, the nanosecond excitation approach also gives smaller standard deviation within the same range of time, thus better laser shot-toshot stability. For CO 2 detection, the detection limit of CO 2 was measured to 0.1 mbar at 300 °C and 150 mbar, using the narrowband excitation approach [23] . In this work, the broadband excitation approach gives a similar detection limit under the same conditions (150 mbar and 300 °C). However, the broadband excitation approach utilizes a small IR-OPO instead of a dye laser and a mixing unit used by the narrowband excitation approach, thus has the advantages of being more compact and convenient to use.
To evaluate the quenching effects on the calibrations of the CO and CO 2 PLIF signal and to compensate for it to a certain extent, the PLIF signals with and without the quencher gases were recorded at room temperature. The results are shown in Table 3 , where the values are normalized, i.e., the LIF signal with a quencher gas was divided by the LIF signal without a quencher gas. Note that Ar is not considered as a quencher gas here and was used as a buffer gas to keep the total pressure at 150 mbar, which is similar to the reacting conditions above.
As quenching is temperature dependent, the LIF signal at higher temperatures is evaluated using Eq. (2) (3) (4) (5) , where S LIF is the fluorescent intensity, η c is the collection efficiency, E is the laser energy, g is a function that describes the spectral overlap between the laser and the absorption spectral lineshape, f(T) is the Boltzmann distribution, σ 0 is the absorption cross section, N is the number density of the absorber, ϕ is the fluorescence quantum yield, Q i is the quenching rate, q i is the quenching rate coefficient, p i is the partial pressure for species i, σ i is the quenching cross section, and Eq. (3) assumes that the spontaneous emission rate is far less than the quenching rate. Assuming the quenching cross sections in Eq. (5) are temperature independent over a small temperature range (300 K) for both CO [37] and CO 2 , the normalized PLIF signal will be independent of temperature. This means that the decrease of the LIF signal due to quenching is the same for different temperatures. From Table 3 , it can be seen that for CO, the quenching from O 2 and CO 2 was found to be similar, e.g., 6 mbar of each O 2 and CO 2 decrease the CO signal by 12%. And for CO 2 , the quenching from O 2 was found to be very small, e.g., 6 mbar O 2 only decreases the CO 2 signal by 2%, while the quenching from CO was found to be relatively strong, e.g., 6 mbar CO can reduce the CO 2 signal by 25%. To estimate the maximum deviation on the LIF signal calibration in Fig. 4 introduced by quenching, the reaction can be separated into two parts for the discussion, before and after ignition. Before ignition, the majority of gases in the cell (and close to the sample) are CO and O 2 . Therefore, the quenching is small for the CO signal and a maximum deviation of 12% is estimated due to the presence of 6 mbar O 2 . In contrast, the quenching is much stronger for the CO 2 signal and a maximum deviation of 25% is estimated due to the presence of 6 mbar of each CO and O 2 . After ignition, nearly all CO molecules reaching onto the surface are converted into CO 2 ; thus, the majority of gases close to the sample are CO 2 and O 2 . As a result, the quenching for the CO 2 signal close to the sample is considered negligible. In contrast, the quenching for the CO signal close to the sample is much stronger, and has therefore been taken into account. After the correction for quenching, we obtained a good match between the CO and CO 2 profiles close to the sample when the reaction is in the highly active phase, i.e., around 2 mbar of CO and 4 mbar of CO 2 .
Conclusions
In this work, we have reported a convenient setup for LIF imaging of both CO and CO 2 from catalytic CO oxidation above a Pd(100) single-crystal catalyst. Both approaches for the CO and CO 2 detection are shown to have advantages over the previously used approaches. For CO detection, the nanosecond excitation approach presented in the current work gives lower detection limit and better shot-to-shot stability under similar conditions, compared to the picosecond excitation approach in the literature. For CO 2 detection, the broadband excitation approach with an IR-OPO reported here gives the same detection limit as the narrowband excitation approach used in our previous work, but shows the merit of compactness and convenience. Simultaneous measurement of CO and CO 2 will be worth trying in future work using part of the residual 1064 beam from the YAG laser (another part for the UV mixing) to pump the IR-OPO. This will have distinct advantages over separate measurements for detection of CO and CO 2 in catalytic reactions, where the relation between the CO and CO 2 concentrations is not directly correlated, compared to the case in CO oxidation.
